Here we report the evolution of structural, magnetic and transport properties in MnBi2−xSbxTe4 (0≤ x ≤2) single crystals. MnSb2Te4, isostructural to MnBi2Te4, has the lattice parameters of a=4.2445(3)Å and c=40.869(5)Å, respectively. With increasing Sb content in MnBi2−xSbxTe4, the a-lattice decreases linearly following the Vegards law while the c-lattice shows little compositional dependence. The a-lattice contraction occurs by reducing Mn-Te-Mn bond angle while Mn-Te bond length remains nearly constant. The anisotropic magnetic properties suggest an antiferromagnetic order below TN =19 K for MnSb2Te4 with the magnetic moments aligned along the crystallographic c-axis. The antiferromagnetic ordering temperature slightly decreases from 24 K for MnBi2Te4 to 19 K for MnSb2Te4. More dramatic change was observed for the critical magnetic fields required for the spin-flop transition and moment saturation. With increasing Sb content, both critical fields decrease and in MnSb2Te4 a small field of 3 kOe is enough to saturate the moment. In high magnetic fields, the saturation moment shows significant suppression from 3.56µB/Mn for MnBi2Te4 to 1.57µB/Mn for MnSb2Te4. Data analyses suggest that both the interlayer magnetic interaction and single ion anisotropy decrease with increasing Sb content. The partial substitution of Bi by Sb also dramatically affects the transport properties. A crossover from n-type to p-type conducting behavior is observed around x=0.63. Our results show close correlation between structural, magnetic and transport properties in MnBi2−xSbxTe4 and that partial substitution of Bi by Sb is an effective approach to fine tuning both the magnetism and transport properties of MnBi2−xSbxTe4.
INTRODUCTION
Intrinsic magnetic topological insulators are ideal for realizing exotic quantum states of matter such as axion insulator and quantum anomalous Hall at elevated temperatures. It has recently been proposed that MnBi 2 Te 4 is the first example of an antiferromagnetic topological insulator [1, 2] and has immediately triggered extensive theoretical and experimental studies on the bulk,thin film, and thin flakes. [3] [4] [5] [6] [7] [8] [9] [10] As shown in the inset of Figure 1, the rhombohedral crystal structure of MnBi 2 Te 4 can be viewed as inserting one additional Mn-Te layer into the quintuple-layers of Te-Bi-Te-Bi-Te in Bi 2 Te 3 . [11] The antiferromagnetic order below 24 K of Mn sublattice has been studied theoretically and experimentally. [2, 12, 13] Mn 2+ ions adopt a high-spin S=5/2 and order into an A-type antiferromagnetic structure with ferromagnetic hexagonal layers coupled antiferromagnetically along the c-axis. An ordered moment of 4.04(13)µ B /Mn at 10 K was found to align along the c-axis by neutron diffraction. [13] MnBi 2 Te 4 is thus a unique natural heterostructure of magnetic layers intergrowing with layers of a topological insulator. It is worth mentioning that MnBi 2 Te 4 inherits the van der Waals bonding inbetween the quintuple-layers in Bi 2 Te 3 . This feature facilitates the investigation of quantum phenomena in MnBi 2 Te 4 flakes with reduced/controlled thickness employing the exfoliation techniques developed for two-dimensional materials. This is well illustrated by the most recent observation of field-induced quantized anomalous Hall effect in a MnBi 2 Te 4 flake of 3-layer thick. [10] The as-grown MnBi 2 Te 4 single crystals are heavily electron doped possibly due to nonstoichiometry or antisite defects. [2, 6, 9, 13, 14] A fine tuning of the electronic band structure is needed to realize the proposed topological properties. This is in analogy to Cr-doped Bi 2−x Sb x Te 3 where Chang et al observed the quantum anomalous Hall effect; the randomly distributed Cr provides the ferromagnetism and Sb substitution is necessary to fine tune the charge carrier concentration and mobility. [15] Since Mn ions take a specific crystallograhic site in the layered MnBi 2 Te 4 , intuitively we would expect that the Mn-Te layers and Bi-Te layers can be tuned independently with chemical substitutions targeted for different crystallographic sites to optimize the magnetism and electronic band structure separately. However, the magnetism and transport properties can be intimately coupled and the fine tuning of one property might have dramatic effect on the other which deserves careful study.
In this work, we report a thorough study of the evolution of structural, magnetic, and electrical properties in MnBi 2−x Sb x Te 4 . We also report the first successful synthesis and physical properties of MnSb 2 Te 4 , which has been proposed [12] to be isostructural to MnBi 2 Te 4 but has never been experimentally investigated. X-ray studies show he same rhombohedral structure (space group R-3m) in the whole composition range. The anisotropic magnetic properties suggest all compositions order into the same A-type antiferromagnetic structure. With increasing Sb content, the lattice parameters, the antiferromagnetic ordering temperature, Weiss constant, saturation moment, the critical fields for spin flop transition and moment saturation decrease. The partial substitution of Bi by Sb also dramatically affects the transport properties. A crossover from n-type to p-type conducting behavior is observed around x=0.63. Data analyses suggest that both the interlayer magnetic interaction and single ion anisotropy decrease with increasing Sb content.
EXPERIMENTAL DETAILS
MnBi 2−x Sb x Te 4 single crystals were grown out of a Bi(Sb)-Te flux. [13] The composition of each crystal was determined by elemental analysis on a cleaved surface using a Hitachi TM-3000 tabletop electron microscope equipped with a Bruker Quantax 70 energy dispersive x-ray system. The experimentally determined composition is used in the manuscript. All crystals are plate-like with a typical in-plane dimension of 3mm×4mm and a thickness in the range of 0.1mm-1mm depending on the growth time. The single crystals are soft and can be easily exfoliated, which makes it difficult to collect high quality single crystal diffraction data. We thus gently ground the single crystals together with a fine powder of silicon and then performed x-ray powder diffraction at room temperature using a PANalytical XPert Pro diffractometer with Cu-K α1 radiation. The fine silicon powder makes it possible to grind the soft crystals without inducing severe strain. It also serves as an internal standard in the pattern refinement.
Magnetic properties were measured with a Quantum Design (QD) Magnetic Property Measurement System in the temperature range 2.0 K≤T≤ 300 K and in applied magnetic fields up to 70 kOe. The temperature and field dependent electrical resistivity data were collected using a 9 T QD Physical Property Measurement System (PPMS).
To gain insights into the electronic structure of MnBi 2−x Sb x Te 4 , we carried out the DFT calculations. We use the generalized gradient approximation and projector augmented wave approach [16] as implemented in the Vienna abinitio simulation package (VASP) [17, 18] . We do not include +U corrections because these compounds are itinerant semiconductors with strong hybridization between Mn 3d states and Te 5p states. For Te and Sb, we use the standard potential in the VASP distribution. For Bi (Mn), we use the potential in which the low lying d (semi core p) states are treated as valence states, Bi d (Mn pv ). To accommodate the AFM ordering, we double the experimental structural unit cell along the c-axis and then use a 12 × 12 × 2 k-point grid with an energy cutoff of 500 eV. The relativistic spin-orbit coupling is turned on, which allows us to analyze the single-ion spin anisotropy in addition to the magnetic coupling. To avoid the complexity arising from the random distribution of Bi and Sb at 0 < x < 2, we only consider two end compounds MnBi 2 Te 4 (x = 0) and MnSb 2 Te 4 (x = 2).
RESULTS

Structural properties
X-ray diffraction from cleaved surfaces of all compositions show the same series of sharp reflections, which suggests all compositions investigated have the same structure. This is further confirmed by the x-ray powder diffraction measurements performed on crystals gently ground with fine silicon powder. Our x-ray diffraction measurements do not suggest any ordering of Bi and Sb in the doped compositions or the formation of other MnB 2n Te 3n+1 (B =Bi or Sb or mixture) phases Figure 2 (a-e) show the temperature dependence of the magnetic susceptibility below 40 K of some selective compositions. The data were collected in a magnetic field of 1 kOe applied perpendicular and parallel to the crystallographic c-axis, respectively. All measurements were done in a field-cooling mode. The data for x=0 are replotted from our previous report. [13] The magnetic susceptibility is anisotropic below about 30 K. For MnSb 2 Te 4 , a cusp in the M/H curve was observed around 19 K when the magnetic field is applied along the crystallographic c-axis, suggesting the occurrence of a long range magnetic order. all compositions have a magnetic susceptibility of around 1.0×10 −3 emu/mol.Oe at room temperature. Figure 2 (f-j) show the field dependence of magnetization, M(H), at 2 K in magnetic fields up to 70 kOe. The isothermal magnetization curves at 2 K for x=0 and 0.63 were also measured in fields up to 120 kOe using a QD PPMS (see Figure 7) . For all compositions with x≤1.72, a spin flop transition can be well resolved in M(H) curves when the magnetic field is applied along the c-axis. which deserves detailed studies using techniques such as inelastic neutron scattering. The doping dependence of Weiss constant is summarized in Figure ? ? presented later.
The Sb doping induces significant changes in the magnetic properties as well as interlayer coupling and single ion anisotropy as discussed later. The anisotropic magnetic properties suggest that an antiferromagnetic order with moments along the c-axis in MnBi 2−x Sb x Te 4 . All compositions might maintain the same A-type antiferromagnetic order as in MnBi 2 Te 4 , yet this needs further confirmation from other measurements such as neutron diffraction. The greatly suppressed saturation moment in MnSb 2 Te 4 might signal strong magnetic fluctuations below T N or complex spin arrangement in ab-plane in the presence of high magnetic fields. 
Transport properties
The temperature and field dependence of in-plane electrical resistivity was measured in the temperature range 2 K≤T≤300 K and in magnetic fields up to 90 kOe with the electrical current in ab-plane and the field along the caxis. Figure 4 shows the temperature dependence of normalized in-plane electrical resistivity, ρ(T)/ρ(2K), below 50 K. Above about 50 K, the ρ(T) curves for all compositions show a positive temperature dependence. ρ(300 K) is around 1.2 mΩ.cm for both MnBi 2 Te 4 and MnSb 2 Te 4 . However, ρ(300 K) increases when mixing Bi and Sb in MnBi 2−x Sb x Te 4 and peaks out around x=0.63 where the crossover from n-type to p-type occurs.
As highlighted in Figure 4 , ρ(T) of MnBi 2 Te 4 and MnSb 2 Te 4 shows quite different temperature dependence cooling across T N . ρ(T) of MnBi 2 Te 4 shows a cusp centering at T N and is suppressed cooling below T N signaling reduced magnetic scattering of electron transport in the magnetically ordered state. In contrast, ρ(T) of MnSb 2 Te 4 shows a minimum around 50K, a semiconducting-like temperature dependence below about 50 K, and a slope change at T N . This temperature dependence suggests the effect of magnetic order on the electrical resistivity in MnSb 2 Te 4 is quite different from that in MnBi 2 Te 4 . As presented earlier in Figure 3 Figure 5 shows the magnetoresistance (MR) at 2 K in fields up to 90 kOe. The measurements were performed with the electrical current in ab-plane and magnetic fields along the crystallographic c-axis. ρ(H) was obtained by averaging the data collected in positive and negative fields. MnBi 2 Te 4 shows a negative MR with a step-like change at H c1 ≈33 kOe where the spin flop transition occurs and a slope change around H c2 ≈78 kOe where the magnetic moment saturates. For all doped compositions investigated in this work, the step-like change at H c1 and the slope change H c2 are observed in the MR curves. Both critical fields become smaller with increasing Sb doping. The critical fields determined from MR curves agree with those determined from magnetic measurements. MnSb 2 Te 4 shows a negative MR≈23% above 3 kOe. and above this critical field MR shows little field dependence. It is interesting to note that two compositions with x=0.30 and x=0.63 show a positive MR, in contrast to the negative MR of other compositions. As presented later, these two compositions are electron doped from the Hall measurements.
The Hall resistivity, Hall coefficient, and charge carrier concentration at room temperature are shown in Figure 6 . The data suggest a transition between n-type and p-type near x=0.63 for our MnBi 2−x Sb x Te 4 crystals. Near the point of compensation, the Hall coefficient is not particularly meaningful because both types of carriers likely contribute. However, the analysis of Hall effect data using a single carrier model should be appropriate away from the point of perfect compensation. For MnBi 2 Te 4 , our data suggest a carrier density around 1. data suggest a carrier density of about 5×10 20 holes/cm 3 . A multi-band model may capture some of the physics for compositions near the compensation point. However, the room temperature Hall effect data measured for these crystals revealed linear or nearly-linear field dependence, thus precluding the use of a multiband model for even the x=0.63 and 0.80 samples.
We measured the field dependence of Hall resistivity at various temperatures for different compositions. Above 50 K, a linear field dependence is always observed for those compositions that are away from the compensation point. The Hall coefficient shows a weak temperature dependence. Upon cooling into the magnetically-ordered state, the magnetic field dependence of the Hall resistivity ρ xy changes dramatically and becomes non-linear. In particular, an anomalous contribution arises after the sharp increase in M associated with the metamagnetic transition. Figure 7 shows the Hall resistivity, ρ xy , of MnBi 2−x Sb x Te 4 at 2 K in fields up to 90 kOe. The measurements were performed with the electrical current in ab-plane and magnetic fields along the crystallographic c-axis. The magnetization data for each composition collected at 2 K and in magnetic fields up to 90 kOe were also plotted. In Figure 7 (a-c) where a spin flop transition at H c1 is followed by a moment saturation at H c2 , a step-like change was observed in ρ xy at H c1 and a slope change at H c2 . For MnSb 2 Te 4 (see Fig. 7(d) ), a step-like change is observed around 3 kOe in both ρ xy and M(H) curves.
Below the critical field H c1 , ρ xy is linear in H, and the Hall coefficient obtained from such data agree well with those obtained at 300K. When M is rising linearly towards saturation, as in Fig. 7(a-c) , the Hall coefficient is nonlinear due to an increasing anomalous contribution. When the moment reaches a saturation plateau, ρ xy again becomes linear in H. This can be understood as a saturated anomalous contribution and an ordinary Hall coefficient (linear) contribution. Our data suggest that the ordinary Hall coefficient is essentially unchanged by the spin reorientation. However, a large anomalous contribution is observed. For example, an anomalous Hall resistivity of -20µΩ.cm was observed for MnBi 2 Te 4 and +7.3µΩ.cm for MnSb 2 Te 4 . The anomalous Hall contribution can be of either positive or negative sign, and the sign is not immediately apparent based on other physical properties. In MnBi 2−x Sb x Te 4 samples, we find that the anomalous contribution has the same sign as the ordinary contribution -a positive anomalous Hall resistivity is observed for hole-doped samples. This may be revealing something rather significant and, if related to an intrinsic anomalous Hall conductivity, could be investigated theoretically from the band structure of the spin polarized state.
DFT CALCULATIONS
DFT calculations were performed to understand the experimentally observed difference between MnBi 2 Te 4 and MnSb 2 Te 4 . For each compound, we consider layered antiferromagnetic ordering with Mn moments pointing along the c(a) direction, AFM c(a) , and FM ordering with Mn moments pointing along the c direction, FM c . In both compounds, AFM c is found to be the ground state. This is consistent with the experimental observations for MnBi 2 Te 4 . This can also explain the anisotropic magnetic susceptibility for MnSb 2 Te 4 shown in Figure 2 , although the magnetic structure needs to be determined experimentally.
The ordered M moment is ∼ 4.2µ B and the total Mn d charge is ∼ 4.9 for both compounds. These results are consistent with the valence state of Mn +2. By mapping the total energy of these magnetic ordering to that of a Heisenberg-type model consisting of exchange coupling J between Mn moments and the single ion anisotropy D, . This is consistent with the experimental effective moment µ ef f ∼ 5µ B /Mn if the Mn moment is fully ordered. However, the experimental saturation moment shows strong x dependence and is greatly suppressed with increasing Sb doping, which cannot be ascribed to the reduced Mn 3d electron density by hole doping. A potential origin of such behavior may be due to the RudermanKittelKasuyaYosida (RKKY) interaction induced by doped holes [20] [21] [22] . This could induce magnetic frustrations, resulting in the reduction in the ordered moment, while the effective moment might remain unaffected. Figure ? ? summarizes the evolution of Hall coefficient, effective moment, Weiss constant, saturation moment, and the critical fields. The magnetic field required for the flop transition is labeled as H c1 and the larger field to saturate the moment H c2 . The room temperature Hall coefficient data were plotted to highlight that the crossover from n-type to p-type conduction occurs around a critical Sb content of x c =0.63. However, no abrupt change or obvious anomaly around x x was observed for other parameters plotted in Figure ? ?. This indicates that around the critical composition, the type and concentration of charge carriers can be finely tuned without inducing any abrupt change of the magnetism.
The The saturation moments at 2 K of different compositions were summarized in Figure ?? with an electronic configuration of t 3 e 2 , a saturation moment of 5µ B /Mn is expected. It is worth mentioning that our x-ray powder diffraction found only a few percent of Sb 2 Te 3 likely from the residual flux on the crystals. This amount of nonmagnetic impurity is not enough to induce such a large reduction of saturation moment. We further measured magnetization at 2 K in magnetic fields up to 120 kOe without finding any other field induced changes. In magnetic fields above H c2 , the magnetization shows little field dependence up to 120 kOe. We also measured M/H of MnSb 2 Te 4 in a field of 50 kOe and M/H tends to saturate below 5 K. All these suggest the suppression of saturation moment in Sb-bearing compositions is an intrinsic behavior.
Our x-ray diffraction (see Fig. 1 ) shows that Mn-Te bond length has little doping dependence, which implies little change in the Mn-Te bond covalence. However, the nearest neighbour Mn-Mn distance is reduced with increasing Sb content. It is expected that the enhanced direct antiferromagnetic interactions would compete with the dominant nearest neighbour ferromagnetic interaction. Therefore, the reduced saturation moment can result from the magnetic fluctuations in the magnetically Figure 10 . In the calculation, we assume H c1 =H c2 for MnSb 2 Te 4 since the magnetization saturates in a small magnetic field of 3 kOe. Both SD and SJc decrease with increasing Sb content although they show distinct compositional dependence. It is interesting to note that SJc decreases monotonically with increasing Sb content, although c-lattice shows little doping dependence. The step-like change of SD around x=0.70 signals two different compositional dependence of SD: below x=0.64, SD shows little doping dependence; above x≈0.80, SD decreases monotonically with increasing Sb content. More compositions will be studied to reveal the details of the doping dependence of SD in the composition range 0.63<x<0.80.
In the Sb-rich composition with x=1.72, SD and SJc are comparable to each other. For MnSb 2 Te 4 , magnetization saturates in a field of 3 kOe ay 2 K. The critical composition where the spin flop transition disappears is in 1.72<x<2. Above the critical Sb content, SJc/SD is smaller than 2/z required for the spin flop transition, and therefore, magnetization saturates directly with increasing field. increasing Sb content to about 0.05 meV in MnSb 2 Te 4 . These need to be confirmed experimentally by, for example, inelastic neutron scattering.
With the knowledge of SD and SJc, the magnetic field required to saturate magnetization when field is applied perpendicular to the c-axis can be calculated as gµ B H * c =2(zSJc+SD). As shown in Figure 11 , the calculated and measured critical fields agree well.
SUMMARY
In summary, we study the evolution of structural, magnetic, and transport properties in the whole compositional range of MnBi 2−x Sb x Te 4 . Our results show close correlation between the structural, magnetic, and transport properties in this system. With increasing Sb content, the lattice parameters, the antiferromagnetic ordering temperature, Weiss constant, saturation moment at 2 K, the critical fields for spin-flop transition and moment saturation decrease. Data analyses suggest that the interlayer exchange coupling, single ion anisotropy, and the magnon gap also decrease with the substitution of Bi by Sb. The significant reduction in the saturation moment at 2 K cannot be explained simply by the different Mn-Te bond covalence. Instead, the enhanced direct interactions in ab-plane due to the reduced Mn-Mn bond length and also the RKKY interactions induced by doped holes should be considered. The modified in-plane magnetic interactions, together with reduced interlayer coupling and single ion anisotropy with Sb doping, might induce strong magnetic fluctuations even in the magnetically ordered state if the same A-type antiferromagnetic strucutre is maintained for the whole system. All these need to be further investigated with advanced techniques such as neutron scattering.
Near x c =0.63, a transition from n-type to p-type conduction is observed in our crystals. Further careful optimization of growth parameters and fine tuning of the chemical compositions are needed to control the amount of lattice defects, charge carrier concentration and mobility to facilitate the realization of theoretically predicted topological properties. In the hole-doped compositions, negative Weiss constants suggest dominant antiferromagnetic interactions. Photoemission studies are needed to investigate whether these compositions are topologically nontrivial.
